The nest is a key element of avian reproductive fitness. It provides the developmental environment for the embryo and nestling thereby affecting their quality and survival. Nests are often constructed by the male and nest quality, elaboration, and ornamentation vary among males in a species. Therefore, male nest-building behaviour is likely under sexual selection and females may use male nest-building behaviour and nest features as cues in mate choice and their own reproductive investment. We tested this hypothesis in European starlings (Sturnus vulgaris). Male starlings present green plants to females during their courtship display and furbish their nests with variable quantities of fresh green plants. The highest frequency of plant incorporation into the nest occurs during pair formation and oogenesis. We determined nest composition and measured yolk testosterone concentrations in eggs. Yolk testosterone concentrations were positively correlated with the amount of green plant material in nests. Because males use green nest material in courtship and green nest material positively affects nestlings' development, we suggest that female European starlings use male nest-building effort, ritualised courtship display of green plants, and nest characteristics in mate choice, and adjust yolk testosterone levels in the eggs to the quality of the nest to optimise offspring growth.
INTRODUCTION
The nest, providing the developmental environment of avian embryos and nestlings, affects offspring quality and survival (e.g., Alvarez et al., 2013; Hansell and Overhill, 2000; Deeming, 2002) . Therefore, nest construction is expected to be under natural selection. In many bird species, males construct the nest and nest quality, composition, and ornamentation vary among males. Male bowerbirds (Ptilonorhynchidae) use nest ornamentation and male black wheatears (Oenanthe leucura) use stone piling at the nest to attract females while males of other species display ornaments that they incorporate into the nest to the female as an integral element of ritualised courtship (Moreno et al., 1994; Hansell and Overhill, 2000; Moreno, 2013) . Hence, male nest building behaviour and/or resulting nest quality and features are predicted to be shaped by sexual selection.
European starlings (Sturnus vulgaris) build their nests in natural cavities or nest boxes. They often breed in colonies where males occupy one or more nest holes. Mainly males build the nest. They use dry materials such as twigs, old leaves, or grass but they also incorporate fresh green plants, preferably those with volatile compounds (Clark and Mason, 1985; Clark, 1991; Gwinner, 1997) . Males display these fresh green plants (herbs) in an eyecatching manner to prospecting females during nest site advertisements (Kessel, 1957; Feare, 1984; Eens et al., 1993; Gwinner, 1997) . The incorporation of fresh herbs into nests peaks about 5 days before the first egg is laid, at the time when the pair forms and the eggs of the clutch begin to be yolked, and ceases with the end of the courtship phase. This timing suggests a role of this behaviour in mate attraction (Gwinner, 1997; Brouwer and Komdeur, 2004; Veiga et al., 2006; ) .
Experimental studies have shown that female starlings are attracted to males carrying plants and/or possessing nests containing fresh herbs. For example, in a Dutch starling colony females laid clutches into 100% of experimental nests containing green material but only 40% of nests where greenery had been removed (Brouwer and Komdeur, 2004) . In an aviary experiment, 100% of females produced a clutch when greenery was available; while only 33% of females laid eggs when no green nest material was offered. In a behavioural experiment, females were more interested in a male mount that displayed a piece of herb in the bill than in a dummy without herb (Gwinner, 2013) . Females also tended to visit nests with greenery more often than nests without greenery (Lampert, 1997) . Finally, polygynous male spotless starlings (Sturnus unicolour) incorporated more greenery into nests than monogynous males (Veiga et al., 2006) . Therefore, the display of green-plants by the male during courtship and the presence of green plants in the nest appear to be attractive to female starlings (see Dubiec et al., 2013 for a review).
Green nest materials benefit nestlings and the female. Nest greenery enhanced nestling growth, inhibited bacterial and mite growth, and positively influenced nestlings' blood parameters (Clark and Mason, 1985; 1988; Clark, 1991; Gwinner et al., 2000; Gwinner and Berger, 2005) . Moreover, nest greenery benefitted female egg incubation effort (Gwinner, 2013) . Thus, female starlings are predicted to use nest composition or the males` ritualised display of plants to assess the prospects of raising healthy young in their nests.
Theory predicts that females respond to cues of male reproductive skills and investment by adjusting their own reproductive investment, such as clutch size, egg quality, and egg composition (e.g., Cunningham and Russell, 2000) . One of these responses is the concentration of yolk hormones such as testosterone that enhances nestling growth in some species, including the European starling (e.g., Schwabl, 1996; Eising et al., 2001; Tschirren et al., 2005; Pilz et al., 2004) . Previous researches in various species have demonstrated that yolk androgen concentrations vary with male plumage colour (Navarra et al., 2006; Kingma et al., 2009) , tail length ; but see Saino et al., 2006) , and song complexity (Gil et al., 2004; Tanvez et al., 2004 ; but see Marshall et al., 2005) . We hypothesised that female starlings adjust yolk androgen concentrations to male-designed nest quality (i.e., herb content) and investigated this hypothesis in a free-living starling population.
METHODS

Egg collection and hormone extraction
In a starling nest-box colony near Andechs, Southern Germany (47°58` N, 11°11` E), 54 nest boxes were fixed about 6 m apart on trees in a height of approximately 4 m at the edges of meadows and woodland. In the first year (1997) we collected green nest material and the first and fifth egg from 26 and 19 boxes, respectively. In the second year (2004) we collected the first and fifth egg from 15 and 24 boxes, respectively. In two study years, in April and May, we determined egg sequence by marking eggs during daily nest checks and collected the first egg (1 day after laying) and the fifth egg. We weighed the yolks to the nearest 0.01 g and stored them at -80°C until they were transported on dry ice to Pullman, Washington State, USA for hormone analyses.
The procedures for extraction and radio-immunoassays of the steroid hormones (androstenedione, 5alpha-dihydrotestosterone, and testosterone,) followed the procedures described previously (Schwabl, 1993) . Recoveries for androstenedione, 5alpha-dihydrotestosterone, and testosterone were 67, 33, and 54 %, respectively. Intra-assay variation was 7, 9, and 5%, respectively. All samples were run in a single assay. 5-alpha-dihydrotestosterone was only measured in a subset of samples. Here we only report data on testosterone because the other two androgens were unrelated to green nest material.
Nest sampling
In the first study year (1997), we collected nest herbs (but not other construction material) every day around noon, so females could investigate the males' nest building performance undisturbed during the morning hours. We dried and weighed the herbs. The amount of green nest materials was defined as the sum of greenery incorporated into the nest during the courtship period. In the second study year (2004, in the context of another study) we collected nests when nestlings were 14 days old and replaced them with nests of about 100 g dry grasses (equivalent to the mean mass of a starling nest). The natural nests were dried for one month at room temperature and components classified into the following nest construction material: "dry nest material": dry twigs and dry grasses; and initially "green nest material": herbs which were determined by their greenish colour.
Statistical analysis
We log-transformed yolk testosterone and mass of green nest material to obtain normal distributions. We analysed effects of study year, laying sequence (first and fifth egg), green nest material and date (corrected for the onset of laying in the population in each year) on yolk testosterone using univariate GLM (SPSS 18 PASW). We tested all possible interactions, removed variables which were insignificant. The model was significant only for yolk testosterone but not for yolk androstenedione and 5-alpha-dihydrotestosterone; therefore we only present results for yolk testosterone. Results for yolk testosterone concentrations and content were qualitatively similar; therefore we only report yolk testosterone concentrations (pg mg -1 yolk). The differences between the two study years were tested with an independent sample t-test and the relationships between mass of dry and green nest material, date and yolk testosterone with Spearman's rho correlation.
RESULTS
Nest composition
Mass of dry and green nest materials were negatively related to each other (Spearman's rho = 0.46, P = 0.03, n = 21). The mass of green nest material increased with laying date (Spearman's rho = 0.52, P = 0.01, n = 26), while the mass of dry nest-material decreased (Spearman's rho = -0.54, P = 0.01, n = 21, Figure 1 ). Yolk testosterone concentration in the first and fifth egg was unrelated to mass of dry nest material (Spearman's rho = -0.32, P = 0.16, n = 21; year 2 only) but was positively correlated with green material (Spearman's rho = 0.4, P = 0.01, n = 41; data from years 1 and 2 combined).
Green nest material and yolk testosterone
When we used data over the entire breeding season (first and second brood) in the model we found very strong effects of green nest material (F 1,84 = 13.9, P < 0.0001) and year (F 1, 84 = 19.3, P < 0.0001) and less strong but significant effects of laying sequence (F 1,84 = 4.4, P = 0.038) and date (F 1,84 = 4.9, P = 0.029) on yolk testosterone. Date and green nest material were strongly correlated (Spearman: r = 0.57, P < 0.0001, n = 85), possibly resulting from polygynous males increasing the amount of incorporated greenery in their secondary nests later in the season (Gwinner, 1997 ). When we controlled for date by restricting the analysis to first nests initiated between April 12 to 22 there was no correlation between date and greenery (Spearman's rho: P = 0.99, r = 0.001; n = 54).
The final analysis revealed strong effects of year (F 1,54 = 17.45, P < 0.0001) and green nest material (F 1 , 54 = 8.64, P = 0.005), but not of laying sequence (F 1,54 = 3.04, P = 0.09) and date (F 1,54 = 0.25, P = 0.63) on yolk testosterone concentrations (Figure 2) .
The study year had a strong effect on testosterone and amount of greenery.
In the first year, yolk testosterone levels were higher than in the second year. Conversely, in the second year more greenery was incorporated into nests (Table 1) .
DISCUSSION
This study shows a strong positive correlation of yolk testosterone concentrations with the amount of green herbs incorporated by male starlings into their nests. This relationship was significant despite differences in yolk testosterone concentrations and mass of green nest material between study years. The result is consistent with the hypothesis that female starlings adjust egg quality, in this case yolk testosterone concentrations, to the amount 1.32 ± 0.1 0.86 ± 0.1 0.002* Greenery (g) 1.8 ± 0.91 7.1 ± 2.3 0.015* of herbs in their nests and/or to the male's behaviour of displaying nest herbs to the female during courtship. The concentration of yolk testosterone varied between the two study years. Environmental conditions like food quality, predation risk, competition for nest boxes, prevalence of parasites, may have been responsible for these differences. All of these factors have been shown to influence yolk hormones. For example, high quality food increased yolk testosterone (Vergauwen et al., 2012) ; in Great tits (Parus major), experimentally increased predation risk resulted in lower yolk testosterone (Coslovsky et al., 2012) , and yolk testosterone was lower when females were exposed to nidicolous hen fleas (Heylen et al., 2012) and in nests with high ectoparasite loads (Tschirren et al., 2004) . A significant higher load of red fowl mites (Dermanyssus gallinae) in the second year of our study (data not shown) could have been a cause of the lower yolk testosterone levels in that year. The higher plant mass in nests of the second study year could have resulted from a higher frequency of polygynous males who add more greenery in nests built to attract secondary females later in the season (Gwinner, 1997) . Most interestingly, despite this year to year variation in both yolk testosterone and amounts of nest greenery there was a strong positive correlation of greenery and yolk testosterone.
Several effects of green nest material have been demonstrated. First, females are attracted by green plants in nests and displayed by males (Fauth et al., 1991; Brouwer and Komdeur, 2004; Veiga, 2006; Gwinner, 2013) . Second, volatile secondary plant compounds enhance nestling immune function in starlings and Blue tits (Gwinner et al., 2000; Mennerat et al., 2009 a, b ) ; third, volatile plant compounds control nest ectoparasites and pathogens (Clark and Mason, 1985; Gwinner and Berger, 2005; Shutler and Campbell , 2007; Mennerat et al., 2009a, b; reviewed by Dubiec, et al., 2013) . Yolk testosterone, on the other hand, enhances nestling growth in European starlings (Swedish starling population: Pilz et al., 2004; our starling population: E. Yohannes et al., unpubl.) as in several other species e.g., canaries Serinus sp. (Schwabl, 1996) Blue tits Cyanistes caeruleus (Tschirren et al., 2005) , and Grey partridges Perdix perdix (Cucco et al., 2008) . Our results suggest that females respond to the amount of nest herbs with adjustments of yolk testosterone concentrations. Green herbs used by starlings have immune-enhancing and bactericidal potential (Roitt et al., 1996; Wagner and Wiesenauer, 2003) and might offset negative effects of yolk testosterone (or testosteroneinduced fast growth) on immune function (Groothuis et al., 2005; Müller et al., 2007) . Consistent with this hypothesis, female Great tits reduced yolk testosterone concentrations in nests with high ectoparasite loads (Tschirren et al., 2004) , although yolk testosterone-enhanced growth was not accompanied by a blunted immune function in this species (Tschirren et al., 2005) .
According to the differential allocation hypothesis (Gil et al., 1999) females, when paired with an attractive male (signaling high quality ), increase amounts of growth promoting hormones, such as testosterone, in their eggs. Yolk testosterone concentrations have been shown to be related to variation of plumage or leg colour, tail length, and song quality (Gil et al., 2004; Loyau et al., 2007; Kingma et al., 2009; Garcia-Fernandez et al., 2010; Alonso-Alvarez et al., 2012) . Our study suggests that, male presentation of green plants to the female, an integral component of male starling courtship display behaviour, and/or the presence of green plants in the nest, induce an increase of yolk testosterone concentrations. Since testosterone induces males to incorporate more green plants into their nest (De Ridder et al., 2000) , it is possible that females ultimately select males with high androgen levels.
In contrast to our study, experimentally added greenery to nests increased clutch size but had no effect on yolk testosterone in the congeneric Spotless starling (LopezRull and Gil, 2009 ). This difference from our results may suggest that a male's ritualised courtship behaviour which includes the display of green plants to the female, singing, fluffing and the showing of iridescent breast feathers, and wing flapping is more important for the yolk testosterone response than the presence of green plants in the nest alone. The suite of courtship behaviours may provide cues for a female's reproductive investment but particularly the presentation of green nest material may signal direct benefits for the female and her offspring.
